Abstract. In this letter we study the dynamics of the late Universe when a nonminimally coupled Higgs field is present. In general, the nonminimal coupling leads to a nontrivial mixing between the gravitational degrees of freedom and the Goldstone massless bosons. We know that this is irrelevant during the inflationary phase. In contrast, in the late Universe the nonminimal coupling affects the classical equations of motion, leading to an acceleration of the expansion rate or to a collapse that forms Q-balls.
Introduction
The inflationary model that identifies the inflaton with the real part of the nonminimally coupled Higgs boson has gained a lot of momentum in the last years. There are many aspects that render Higgs inflation appealing. Just to name a few, it does not need exotic extensions of the standard model, extra dimensions or supersymmetry. In addition, there is only one parameter, namely the strength of the nonminimal coupling to gravity, which is much larger than the conformal value and it is fixed by observations through the inflationary slow-roll parameters [1] . Last but not least, Planck data has showed that Higgs inflation is quite a safe bet [2, 3] .
Since its formulation in Ref. [1] (see also [4, 5, 6, 7] ), Higgs inflation triggered many discussions especially on quantum corrections [8, 9, 10, 11, 12, 13, 14] and on possible connections to dark energy [15] . On a more fundamental aspect, the nonminimal coupling between Higgs field and gravity shed some light on the interplay between the mass defined in general relativity and the one coming from spontaneous symmetry breaking. In particular, the formation and the properties of "Higgs monopoles" were recently discussed in Ref. [16] .
In the original setup, Higgs inflation is based on a number of simplifying hypothesis. In particular, the unitary gauge is imposed so that the field is a real scalar singlet [1] . However, since the Higgs field is a complex doublet with all its component nonminimally coupled to gravity, there is no gauge transformation able to eliminate at once all the Goldstone bosons. In fact, these become essential to correctly compute both the classical evolution of the background [17, 18, 19, 20] and the quantum effects [10, 11, 12, 13, 14] during inflation. In addition, at the energy density typical of inflation, an equivalence theorem applies such that massless Goldstone bosons are present in the spectrum [21] . At the classical level and with nonminimal coupling, all the Goldstone bosons interact non-trivially with the gravitational field, modifying the equations of motion of the background. During inflation, the effects on the background are known to be negligible [17, 18, 19] . However, in the late Universe this is not the case, as we are going to show in this letter.
In the next section, we review the Higgs inflationary model and we stress the role of the Goldstone bosons in the background dynamics. In section 3, we consider a simple Abelian example and show how the phase of the Higgs field leads to either the cosmic accelerated expansion or to the formation of Q-balls that might contribute to the dark matter content. We conclude in section 4 with few remarks on our results.
Background dynamics
Before considering the dynamics of the late Universe, it is instructive to review some essential features of Higgs inflation. The Lagrangian that is usually considered reads, in Jordan frame [1] 
where v 246 GeV is the vacuum expectation value (vev) of the Higgs field (when there is no coupling to gravity, see below) and λ 1/10 is the self-coupling parameter. Note that the term H † HR is generically necessary to eliminate the divergences of the stress tensor in the semi-classical approximation [22] .
The inflationary behaviour is manifest in the Einstein frame, which is related to the Jordan frame by the conformal transformationḡ µν = Ω 2 g µν , where
In this frame one has
One way to write this Lagrangian in canonical form is to adopt the unitary gauge, which assumes that H T (x) = (0, h(x))/ √ 2, and to define the new field χ by the relation
so that
At high energy, h m/ √ ξ, the potential U (χ) is sufficiently flat to allow for a slow-rolling phase of the field χ. The requirement that inflation lasts long enough to satisfy the current observational data fixes the coupling constant to ξ 5 × 10 4 √ λ, although some running occurs because of loop corrections [14] . At the end of inflation the energy decreases until h χ, the two frames become indistinguishable, and the potential takes the usual form (λ/4)(h 2 −v 2 ) 2 . The choice of the unitary gauge usually goes along with the possibility of expanding the Lagrangian around a classical, time-independent vacuum state. However, when the Higgs field components are nonminimally coupled to gravity, the classical vacuum state is not constant in time. This can be easily seen by writing down the Klein-Gordon equation from the Lagrangian (1), which has a term proportional to ξRH. Since ξ = 0, |H| = v is not a solution 2 , see also Eq. (11) below. At the best, the vev of the theory can be expressed as a series of nonlocal operators acting on powers of the Ricci scalar [23] , explicitly calculable only on Einstein spaces [24] . As a consequence, we cannot expand the Lagrangian at |H| = v, but only around some time-dependent classical background solution H cl (t) (which might asymptotically coincide with v, like in the cosmological case as we will show in the next section). Such expansion involves also metric fluctuations, precisely because of the nonminimal coupling with all the components of the Higgs doublet in Jordan frame, see e.g. [11] . In Einstein frame, the coupling is minimal but the kinetic terms of the Higgs component are not canonical and their expansion involves again gravitational and bosonic degrees of freedom [17, 18, 19] . In fact, the right canonical fields to be used for quantization should be the Mukhanov variables [25] , which mix scalar and tensor field fluctuations and yield unambiguously the correct particle content. The unitary gauge, which acts only scalar and gauge fields, cannot cancel the mixing between gravitational field fluctuations and Goldstone bosons, which acquire a dynamical role also at the classical level. For this reason, Higgs inflation should be considered as a multifield model of inflation, as pointed out in [17, 18, 19, 20] . Although it was shown that the influence of the Goldstone bosons is negligible on the classical inflationary dynamics, certain observables are sensitive to the multifield nature of Higgs inflation and future observation might be able to discriminate among various configurations in the parameter space [17, 18, 19] . We now show that, during the late-time evolution of the Universe, the influence of the Goldstone bosons can be important also at the classical level.
To illustrate this effect, let us assume, for simplicity, a U (1) gauge symmetry and that, on a cosmological background, the Higgs field has the form H(t) = h(t)/ √ 2 exp(iθ(t)). After the same conformal transformation as above, the Lagrangian in Einstein frame reads
where we omitted the gauge fields. We assume that, being conformally invariant, gauge fields are washed out by the inflationary expansion, even in the case when they become massive [26] . During inflation, we have h/Ω 1 and the dynamics is fully driven by the field χ, defined in terms of h by Eq. (4), which slowly rolls down along the potential [1]
The phase term is decoupled from both h and the gravity sector so it does not play any role in the inflationary dynamics. In fact, its equation of motion is simply¯ θ = 0, which gives θ ∼ exp (−3Ht), where H is the Hubble parameter (that is almost constant during inflation).
The situation changes at the end of inflation, when the energy density drops, Ω → 1, and h → χ. The low-energy Lagrangian reduces to
and the field θ clearly has a non-trivial dynamics. In fact, this model closely reminds the "spintessence" presented in Ref. [27] , and we now show how it can lead to either dark energy or dark matter.
3 Late-time evolution
As a first step, we investigate whether a time-dependent θ can accelerate the current Universe. The equations of motion derived from the Lagrangian (8) read
Here, H =ȧ/a is the Hubble parameter, V = (λ/4)(χ 2 − v 2 ) 2 , and ρ m is the energy density of a barotropic fluid with ω m = 0 for dust and ω m = 1/3 for radiation, and whose evolution is determined by the usual equation of statė ρ m + 3Hρ m (ω m + 1) = 0. Q is the conserved charge associated to θ through the equationθ = Q/(χ 2 a 3 ). As mentioned above, χ(t) = v is not a solution of the Klein-Gordon equation when Q = 0 (and χ is finite). To see why this leads to acceleration, we write the above equations in terms of the first derivative of N = ln a, through the change of variables
, and L = −(1/κ)(d ln V /dχ). The equations of motion are then written as a dynamical system that generalizes the standard one [28] by adding the new variable z, that is
where
. The Hamiltonian constraint following from Eq. (9) implies that
while the parameter of the equation of state for the scalar field reads The Hamiltonian constraint can be written as Ω m + Ω χ = 1, where
is the energy density of matter or radiation and Ω χ = x 2 + y 2 + z 2 is the one associated to the scalar field. The system has only one fixed point at (x, y, z, w) = (0, 0, 0, κv/ √ 6) that turns out to be a saddle point for all ω m 3 . This means that a Universe dominated by matter or radiation only (i.e. such that Ω χ = 0 and V = 0) is an unstable equilibrium point in the phase space. The deceleration parameters q = −1 −Ḣ/H 2 in the new variables reads
In the vicinity of the fixed point we find that x, y ∼ e −3(1−ωm)N/2 while z ∼ e 3(1+ωm)N/2 . Therefore, after a sufficient number of e-folds, and for any 0 < ω m < 1, the last term in Eq. (18) will always take over on the second, leading to a negative deceleration parameter and an accelerated expansion.
The fact that the charge Q does not vanish, no matter how slowly the phase θ changes, is crucial. When Q = 0, the z-equation of the system (12) is trivial and two more fixed points appear at (x, y, w) = (0, ±1, 0). These correspond to a Universe dominated by the scalar field and to an equation of state parameter ω χ = −1. However, these are saddle points, thus the Universe evolves away from a dark energy dominated phase.
To clarify further our findings, we plotted the solutions to the system (12) in the case of ω = 0 and ω = 1/3 when the initial conditions are close to the fixed point, see Fig. 1 . In both cases, we see that x(N ) (together with z(N )) tends to zero while y(N ) tends to one and, from Eq. (17) , that ω χ becomes closer and closer to −1. We also plotted the functions x(N ) y(N ) (z(N ) has much smaller values than the other two but it is never vanishing, as it should be) with initial conditions typical of the matter-radiation equality era, see the left plot of Fig. 2 . Even in this case, the system evolves towards a dark energy dominated phase. We tried several different initial conditions and we found that the results do not change qualitatively. On the right of Fig. 2 we plotted the deceleration parameter and ω χ and we see that they both converge towards −1, indicating late time acceleration.
From these plots it is also apparent that the system seems to evolve towards the points (x, y, z, w) = (0, ±1, 0, any) although these are not fixed points. The reason is that in the regime where χ is close to v, L is very small. If we set L = 0 in the system (12) we find that (x, y, z, w) = (0, ±1, 0, any) are two stable fixed points. This further support the result that the late Universe is gradually dominated by the scalar field and accelerated, no matter the initial conditions. In few words, by chasing the vacuum state χ = v, the Higgs field ends up by dominating the dynamics of the late Universe.
The simple considerations made so far hide a caveat that might change completely the fate of the Higgs field at late time. In fact, as noted in Ref. [27] (see also Ref. [29, 30] ), the cosmological equations of motion of spintessence are generically unstable and the fluctuations of the field θ can grow exponentially and collapse into "Q-balls", namely solitonic extended objects described many years ago by Coleman in Ref. [31] . If this is the case, Q-balls should be considered as dark matter rather than dark energy because the equation of state parameter vanishes. Whether or not this happens depends upon the magnitude of the angular velocityθ and on the shape of the potential. Let us consider the perturbed cosmological metric ds
, and replace the field χ and θ by respectively χ(t) + δχ(t, x) and θ(t) + δθ(t, x) in the Lagrangian (8) , which takes the form L 0 E + L 2 E . The second term is quadratic in the fields δχ, δθ and Φ and its variation with respect to these yields, respectively, the equations of motionδ
4χΦ − 2ΦV + 2χθδθ,
To study the stability we set δχ = δχ 0 exp(ωt + ik · x) δθ = δθ 0 exp(ωt + ik · x) and Φ = Φ 0 exp(ωt + ik · x) and find the critical Jeans value k J such that ω = 0. We find that, for χ v,
and that for k < k J , ω 2 > 0, i.e. the fluctuations grow exponentially. From the discussion above we know that χ cannot coincide with v even in the present Universe, therefore there always exist an instability band in the fluctuation spectrum. It is interesting to see how the critical wavelength associated to k J is deeply related to the parameters of the standard model v and λ. In conclusion, the formation of Q-balls is possible for sufficiently large wavelength and this leaves also the possibility that the same field is responsible for both dark matter and dark energy, according to the wave number of its fluctuations 4 . In the case of larger symmetry groups it may happen that some Goldstone bosons are responsible for dark matter and the remaining ones for dark energy.
Conclusions
A detailed analysis of the cosmological evolution requires a numerical study of the equations that goes beyond the scope of this letter and will be presented elsewhere. The main point is however clear: a nonminimally coupled Higgs field can generate dark energy and/or dark matter, provided one keeps track of the dynamical evolution of the associated Goldstone bosons. In this letter we considered the simplest symmetry U (1) and only one nonvanishig Goldstone boson but the generalization to larger symmetry groups and to multiple bosons should be straightforward [33] .
We finally remark that our findings are independent of the value of the nonminimal coupling parameter ξ.
In fact, what we found is a low-energy effect that takes place whenever we nonminimally couple gravity to a complex scalar field governed by the potential (2) . In other words, Higgs inflation is not strictly required as well as the Higgs field used here does not necessarily coincide with the standard model one: the quartic potential yields the acceleration but the value of v is in fact irrelevant. What really matters is the displacement of the value of the Higgs field in the classical vacuum state from v. However, as parsimony and simplicity are guiding principles of physical sciences, the idea that the standard model Higgs field is responsible for both inflation and dark ages is very tempting.
